We often close our eyes to improve perception. Recent results have shown a decrease of perception thresholds accompanied by an increase in somatosensory activity after eye closure. However, does somatosensory spatial discrimination also benefit from eye closure? We previously showed that spatial discrimination is accompanied by a reduction of somatosensory activity. Using magnetoencephalography, we analyzed the magnitude of primary somatosensory (somatosensory P50m) and primary auditory activity (auditory P50m) during a one-back discrimination task in 21 healthy volunteers. In complete darkness, participants were requested to pay attention to either the somatosensory or auditory stimulation and asked to open or close their eyes every 6.5 min. Somatosensory P50m was reduced during a task requiring the distinguishing of stimulus location changes at the distal phalanges of different fingers. The somatosensory P50m was further reduced and detection performance was higher during eyes open. A similar reduction was found for the auditory P50m during a task requiring the distinguishing of changing tones. The function of eye closure is more than controlling visual input. It might be advantageous for perception because it is an effective way to reduce interference from other modalities, but disadvantageous for spatial discrimination because it requires at least one top-down processing stage.
Introduction
When subjects are requested to explore and recognize an object which is not visible to them, a common tendency is to close the eyes to improve perception. Indeed, eye closure or eye opening seems to cause noticeable changes in the pattern of brain activation even in complete darkness. In the literature, these changes are described as separate brain states, that is, an "interoceptive" state when the eyes are closed and an "exteroceptive" state with the eyes open (Marx et al. 2003 (Marx et al. , 2004 . Moreover, when the eyes are closed, an enhancement of cortical activation of various sensory systems (auditory, somatosensory) prevails, resulting in an increased Blood Oxygen Level Dependent (BOLD) signal in these regions. Indeed, our recent results showed that eye closure has a direct effect on the activity of the somatosensory brain areas (Brodoehl et al. 2015a (Brodoehl et al. , 2015b . Previously, we reported on an increased BOLD activation induced by somatosensory stimulation with closed eyes (both in spatial expansion and amplitude) in somatosensory cortical areas. These findings were accompanied by an improved perception, that is, by decreased thresholds for mechanical perception and for electrical current during eyes closed versus eyes open. Eye closure changes the "traffic mode" of the brain by increasing the functional connectivity between the thalamus and the somatosensory cortex and by decreasing the functional coupling between the thalamus and the visual cortex. As a result, eye closure improves somatosensory perception due to a functional disconnection from the dominant visual modality. However, the question arises what happens in the case of a complex network activity, that is, during spatial discrimination, which requires the top-down modulation from other areas (e.g., parietal or visual areas). We recently demonstrated that somatosensory stimulus discrimination during a one-back task was accompanied by a reduction of somatosensory evoked fields (SEF) (Hanke et al. 2016 ). This phenomenon was explained by a top-down process which results in the lateral inhibition of cortical receptive fields (RFs) which has been discussed as being a prerequisite to correctly perform the discrimination task (Wörgötter et al. 1998; Götz et al. 2011; Hanke et al. 2016) . In this study, we analyze whether not only simple perception but also spatial discrimination would profit from eye closure.
To answer this question, one-back discrimination was required in a multisensory (somatosensory and auditory) paradigm. Subjects were requested to perform one-back discrimination tasks with open or closed eyes. The aim of the study was to investigate whether eye closure is helpful when somatosensory tasks are performed, that is, also in a one-back discrimination task for distinguishing objects which are not visible to the subject. The results show how the physiological processes appear to be supported by 2 opposite central mechanisms for eye closure and somatosensory discrimination.
Materials and Methods

Participants
A total of 21 healthy volunteers (18 females) 18-36 years old (median: 21, interquartile range: 19-26) took part in the study. The local Ethics Committee approved the study. According to the Declaration of Helsinki, all participants were instructed verbally about all details of the experiment and their right to terminate participation at any time. They gave written informed consent prior to the experiment. No participant suffered from neurological disease and all participants were free of drugs, alcohol and medication, except contraceptives. After some practice trials prior to the main experiment, all participants were familiarized with the experimental procedure.
Paradigm and Stimuli
A pneumatic tactile stimulator (BTi, San Diego, CA, USA) was used for the application of tactile stimuli, which were applied to the distal phalanges of the index, middle and ring finger of the right hand. The stimulus was applied by a dilatation of a membrane, which formed a part of a finger clip attached to the phalanx. During the air influx, this membrane dilates and produces a slight pressure on the skin area of the stimulated phalanx. Tactile stimuli were presented in a pseudorandomized order with an interstimulus interval (ISI) of 1000-1400 ms (stimulus rise time: 20 ms, stimulus duration: 300 ms). Asynchronously to the tactile stimulation but within the same task, pure tone bursts consisting of a sine wave at either 900, 1000, and 1100 Hz were presented binaurally in a pseudorandomized order with an ISI of 1000-1400 ms. Each tone burst was 50 ms with a 5 ms ramp at the beginning and end. Onset and duration of the tones were not time-locked to the tactile stimulation.
In a mixed-modality paradigm, each participant had to perform successively 2 one-back tasks: an auditory and a somatosensory task. The main principle of a one-back task is that participants have to remember the last stimulus in order to identify a target, for example, the consecutive stimulation at the same location of the finger or the consecutive stimulation with a similar tone. Task order was randomized across all participants to avoid habituation or session effects. Although tactile and auditory stimuli were presented in equal measure within each task, different targets per task were defined. During one of the 2 tasks, participants were required to pay attention to only the tactile stimulation ("TOUCH") and press a pneumatic button as quickly as possible with the left hand whenever a target (the consecutive stimulation of the same finger irrespectively of the particular finger stimulated) was detected. All 3 tactile stimulation locations were equally often the target. During the second task, participants were requested to pay attention to the repeated presentation of each of the 3 tones ("SOUND"). Again, participants were asked to react as soon as they detected any consecutive stimulation of one of the 3 tones. Targets occurred with a probability of 22% for each of the 2 tasks. Each task consisted of approximately 1950 tactile and auditory stimuli and lasted 39 min. Moreover, participants received verbal instructions during each task to open or close their eyes every 390 s. This resulted in 3 eyes open (eo) and 3 eyes closed (ec) periods per task. During ec, participants were requested to keep their eyes closed until the next instruction. A detailed scheme of the experimental procedure can be obtained from Figure 1 .
To ensure the exclusion of any light or vision influences, we blindfolded the participants' eyes with eye patches and an additional sleep mask and switched off the light during the measurement. Eye-patches had a concave form and, due to the curvature of the material, there was enough space for the eyelid to move. Moreover, we waited 5 min before starting the measurement to ensure adaption to darkness. Each volunteer reported complete darkness. As we could not visually control whether participants reliably opened or closed their eyes according to verbal instructions, we identified eye blinks during eyes open and horizontal eye movements when eyes were closed afterwards by inspection of the electrooculogram (EOG).
Data Acquisition and Analysis
It was also assessed that touch perceptions of the skin were recognized correctly and each of the tasks were completed with a sufficiently good performance (>85%). The healthy volunteers were paid for participation or received class credits and were promised an additional bonus for an accurate task performance. Magnetoencephalography (MEG) was recorded with a 306-channel helmet-shaped neuromagnetometer (Vectorview, Elekta Neuromag Oy, Helsinki, Finland) in a magnetically shielded room. MEG data were sampled at 1 kHz applying an on-line low pass filter at 330 Hz. A 3D Digitizer (3SPACE FASTRAK, Polhemus Inc., USA) was used to locate anatomical landmarks (nasion and preauricular points) and the MEG localization coil sets. Two bipolar channels recorded the EOG, another 2 the electrocardiogram (ECG).
Raw MEG data were filtered and location was corrected with Maxfilter Version 2.0.21 (Elekta Neuromag Oy. Finland) using the Signal Space Separation (SSS) method (Taulu and Simola 2006) . Head positions from different measurements of one participant were transformed onto the head position of the first measurement of this participant. Data preprocessing, artifact correction and source analysis were performed with Curry 7 (Neuroscan) software. We included approximately 3780 artifact-free trials per analyzed modality (somatosensory and auditory) starting at −200 ms and ending at 500 ms poststimulus. Further preprocessing included a band-pass filter with a width of 0.3-90 Hz for the somatosensory modality and a width of 0.3-45 Hz for the auditory modality. Different low pass filters were used due to different signal slopes for the somatosensory and auditory signals. Additionally, data were baseline-corrected during the signal-free period of −200 ms to 15 ms. For artifact correction, bad blocks, eye blinks and heart beat artifacts were removed in a time window of −200 to 500 ms before and after the artifact. Signal thresholds of ±3000 fT were defined as bad blocks. Heart beat and eye blink artifacts were removed according to the covariance method. A covariance analysis was performed between the artifact channel (ECG/EOG) and each MEG channel. Linear transmission coefficients (similar to beta weights) are computed. Based on the weights, a proportion of the signal is subtracted from each data point in the predefined artifact interval. For eye blinks, thresholds of >200 μV in the EOG channel were defined. For ECG, the Curry software uses an automatic QRS detection routine (Pan and Tompkins 1985; Hamilton and Tompkins 1986; Hamilton 2002) . Afterwards, data were averaged. For the source reconstruction of the primary somatosensory activity, we used a global spherical volume conductor model, which was fitted to the cortex surface of each volunteer with an optimal covering of the whole somatosensory cortex area to avoid errors in dipole strength caused by poorly estimated radial components. A 3-shell realistic Boundary Element Methods (BEM) model (6 mm cerebrospinal fluid, 8 mm skull, and 9 mm skin), which represents the anatomical characteristics of the temporal lobes, was used for the primary auditory dipoles. Source strength was calculated using a single equivalent current dipole model for SEF and 2 dipoles for auditory evoked fields (AEF). The maximum dipole strength derived from the somatosensory data averaged in the time window of 30-60 ms after stimulus onset was obtained, resulting in 4 values per participant (eyes open and eyes closed for the tasks TOUCH and SOUND, respectively). Only stimuli not preceded by a stimulus at the same finger (single tactile stimuli at each of the 3 fingertips, nontargets) were analyzed. The same procedure was used to analyze the AEF. We modeled 2 dipoles (left and right auditory cortex) and averaged the 2 dipole curves. The maximum dipole strength derived from the auditory stimulation of each frequency was averaged in the time window of 30-60 ms after stimulus onset and the maximum was taken. Analogously to the tactile modality, only the nontarget-trials were analyzed.
Statistical analyses were performed with IBM SPSS Statistics 22. Because of multiple measurements per participant (TASK: SOUND and TOUCH, EYES: eyes open and eyes closed, event related field = ERF: AEF and SEF), we used generalized estimating equations (GEE), which estimate the parameters of a generalized linear model and take the correlation of individual data between experiments into account (Liang and Zeger 1986; Burton et al. 1998) . We modeled the within-subject dependencies via an exchangeable working correlation matrix. To test for dipole strength differences between attention to tactile stimuli and distraction, the GEE consisted of the two-staged withinsubject variables "task," "ERF," and "eyes" and the dependent variable "dipole strength". We were interested in the 3 double interactions between the factors "task" and "eyes," "task" and "ERF," and "ERF" and "eyes". In addition we included the triple interaction "task," "eyes," and "ERF". 
The "task" assignment (TOUCH: x t = 0, SOUND: x t = 1), "eyes" assignment (eo: x e = 0, ec: x e = 1) and "ERF" assignment (AEF: x m = 0, SEF: x m = 1) were used as fixed factors. x t,e = 1 was only true for closed eyes during SOUND, x t,m = 1 was only true for SEF in the SOUND task, x e,m = 1 was only true for closed eyes in SEF and x e,m,t = 1 was only true for closed eyes during SOUND in SEF. Post hoc comparisons resulted in 6 comparisons per ERF: TOUCH eo versus SOUND eo, TOUCH eo versus SOUND ec, TOUCH ec versus SOUND eo, TOUCH ec versus SOUND ec, TOUCH eo versus TOUCH ec, SOUND eo versus SOUND ec. We also performed a GEE with the two-staged factors task and eye-closure and the dependent variable performance to test for differences in performance. The common significance level was set to P = 0.05. All values are given as mean ± standard deviation (SD), if not otherwise stated.
Results
Data Description
All participants performed the experiment adequately. During SOUND and with open eyes, participants detected 86.5 ± 10.3% of the acoustic targets adequately and 85.5 ± 11.7% during eyes closed. In TOUCH, performance was 92.4 ± 6.4% with open eyes and 91.7 ± 7.8% when the eyes were closed. We found a significant model effect of the factor "task" (P = 0.011) such that the performance improved during TOUCH (92.1% and the confidence interval from 89.1% to 95.1%) in comparison to SOUND (86% [81.4-90.7] ). We also found a model effect of factor "eyes" (P = 0.035), that is, there was a significant increase in performance when eyes were open (89.5% [86.5-92.5]) as compared with closed eyes (88.6% [85.3-92]). The interaction task × eyes was not significant (P = 0.67). In all participants, an early component over the primary somatosensory cortex was detected at 46 ± 7 ms after stimulus onset (somatosensory P50m component). SEF dipoles were all generated in the somatosensory hand region. Similarly, a bilateral early component for the auditory evoked fields (AEF) was detected in all participants. The mean latency of the early component was at 48 ms ± 8 ms after stimulus onset (auditory P50m component). Figure 2 shows a typical example of the magnetic flux density for the experimental tasks and ERFs.
Dipole Reconstruction
Somatosensory dipole reconstruction resulted in an average goodness of fit of 94 ± 3% and 64 ± 19% for auditory dipole reconstruction. No channels had to be excluded for dipole reconstruction, but we had to exclude the results of 2 auditory dipoles as outliers from the statistical analysis (values higher than mean ± 3SD).
The GEE revealed a significant "ERF" effect with significantly smaller SEF dipole strengths compared with AEF dipole strengths. The effect of factor "eyes" was not significant. There was no "task" effect (see Table 1 ). Note that the main effect "task" is not interpretable due to a hybrid interaction between the 2 factors "task" and "ERF", which was significant (P = 0.004). This strong interaction results from significant "task" effects in both modalities to which attention of the subject was directed, but in the opposite direction for the modality in which attention was directed away (Fig. 3a) . Attention to a modality produces smaller primary evoked magnetic fields than distraction from this modality, that is, smaller primary SEFs when attention is directed to the tactile stimulation or smaller primary AEFs when attention is directed to the acoustic stimulation. All results can be obtained from Table 1 . All double interactions are displayed in Figure 3 .
Single post hoc contrasts are depicted in Figure 4 and Table 2 . For example, significant differences were found for SEF, such as smaller dipole strengths for TOUCH in comparison to SOUND, regardless of whether the eyes were opened or closed (cf. Fig. 4 left) . Moreover, TOUCH eo resulted in significantly smaller dipole strengths than TOUCH ec in SEF.
Discussion
In a mixed-modality design, an auditory and a somatosensory one-back task were performed, each with eyes open and closed. During the somatosensory discrimination task where 3 fingers of the right hand were stimulated with tactile stimulators, we found a significant reduction of the somatosensory P50m when attention was directed to changing stimulus locations at the fingers (TOUCH) in comparison to a task when attention was distracted from finger stimulation by a set of tones (SOUND). We found a similar reduction of the auditory P50m when attention was directed to changing tones (SOUND) in comparison to a task when attention was distracted from auditory stimulation. Importantly, the average performance was slightly higher for the open-eyes conditions. This better performance was accompanied by an amplitude reduction of the somatosensory P50m during eyes open in comparison to eyes closed, which was strongly pronounced during TOUCH. Overall model effects for each term of the model and parameter estimates for categories = 1 (task = SOUND, ERF = SEF, eye closure = eyes closed); β 0 = Intercept; t = task, m = ERF, e = eye closure, β = regression parameter, SE = standard error of the mean.
Analysis of Task and Discrimination
We found a reduction of the somatosensory P50m during TOUCH as compared with the SOUND task. In a one-back task with changing target positions, attention to all stimulus locations is required, since each location stimulated in the given trial is the target of the next trial. Therefore, discrimination between stimulus locations is necessary during each single trial. Plausibly, the classical gating mechanism proposed in a number of studies dealing with attention to tactile stimulation at a single target location (Mima et al. 1998; Iguchi et al. 2005) would boost only this single location, but not discrimination. Therefore, this mechanism would not be adequate for a successful performance and is unlikely to be used in our one-back task. While our result is contrary to the traditional view of enhanced signals during attention, a closer look at the mechanism of tactile skin perception shows that such a reduction of strength might be a meaningful adaptation of the Figure 3 . Results of the statistical analysis: estimated marginal means with standard error for the dipole strengths of the event related fields (ERF; somatosensory evoked fields = SEF, and auditory evoked fields = AEF) for all double interactions included into the GEE model. Significant differences are marked with asterisks (***= ≤0.001; **= ≤0.01, *= ≤0.05).
somatosensory system. Tactile perception is based on cortical RFs with an excitatory center and an inhibitory periphery. During SOUND as reference, no somatosensory discrimination is required. In such situations, spatial overlapping of adjacent RFs (Biermann et al. 1998 ) with a certain ratio of excitatory and inhibitory activity is common. Usually, such a reference situation allows the detection of certain stimuli from the environment (requiring a certain amount of excitation), but also the ability to distinguish the location of such stimuli (requiring smaller excitatory centers, i.e., a certain amount of inhibition). However, whenever the distinguishing of stimulus locations is essential for an effective performance (as in our TOUCH task), a reduction in the overlapping of the RFs will necessarily lead to an improved discrimination performance. Such a reduction in overlapping might be realized by increasing the inhibitory periphery of RF to sharpen the contrast between finger representations. As a result of increased inhibition in the periphery of the RF, the magnitude of the measured evoked fields to tactile stimulation of the fingers is reduced (Hanke et al. 2016 ), as we have previously reported. Other mechanisms, which influence early somatosensory processing (e.g., task difficulty, perceptual load, arousal, or memory load), have been extensively discussed in our previous studies (Huonker et al. 2006; Götz et al. 2011; Hanke et al. 2016) . Intriguingly, we found a similar result for the auditory modality.
Here again, we found smaller auditory evoked magnetic fields when attention was directed to the auditory one-back task requiring discrimination of the 3 tones with slightly different frequencies. Indeed, several animal studies (Fritz et al. 2005; David et al. 2012) have already demonstrated that the RFs in the auditory cortex are influenced in a similar way during a discrimination task as the somatosensory system. As such, we have described lateral inhibition as a uniform mechanism to increase the ability to discriminate stimuli in 2 different primary cortices of the human brain. ( ) Figure 4 Estimated marginal means displayed with standard errors for the dipole strengths in each task (TOUCH and SOUND) and analyzed modality (somatosensory evoked fields = SEF and auditory evoked fields = AEF) for eyes opened and eyes closed. Significant differences are marked with asterisks (***= ≤0.001; **= ≤0.01, *= ≤0.05). Note that in spite of the distance between AEF TOUCH eo and AEF TOUCH ec the difference is not significant. 
Analysis of Eye Closure and Discrimination
Overall performance was significantly lower when eyes were closed compared with eyes open, indicating that eye closure presents a hindrance to discrimination. Together with this inferior performance, eye closure resulted in significantly higher SEF dipole strengths in comparison to eyes open when discrimination was required. We assume that the signal enhancement during eye closure is a result of the increased interaction between the thalamus and the somatosensory cortex. At the same time, functional decoupling between the somatosensory and the visual cortices takes place (Brodoehl et al. 2015a (Brodoehl et al. , 2015b . Stronger connections and maybe additionally higher resources for the somatosensory system are available. This should improve the perception, especially when weak stimuli (threshold detection) are presented. This stronger functional connectivity might result in increased activity as seen in the SEF during our one-back task; however, it renders stimuli less discriminable resulting in an inferior performance when eyes are closed. Such an interpretation is also in line with results of a study by Sathian et al. (1997) and Sathian and Zangaladze (2002) . The authors applied a tactile spatial discrimination task of grating orientation and reported that transcranial magnetic stimulation over the extrastriate visual cortex interfered with the discrimination performance. Eye closure might therefore be an effective way to reduce the interference of other modalities (Perfect et al. 2011; Vredeveldt et al. 2011 ), but it seems that spatial somatosensory discrimination requires at least one topdown processing stage. Interestingly, the results reported here are in contrast to our former study (Brodoehl et al. 2015a (Brodoehl et al. , 2015b which showed a better performance when the eyes were closed in a tactile perception task (lower stimulus detection threshold and accompanying increased sensitivity during ec). A closer look at the experimental details reveals that tasks applied in both studies are different in terms of their requirements. The Brodoehl et al. study asked subjects to detect applied monophasic current wave pulses on the right index finger or von Frey Hairs on the skin of the right backhand but without spatial discrimination requirements.
Taken together, both the task requirements and additional eye closure define the processing mode in the primary somatosensory cortex. Therefore, eye closure is more than the controlling of visual input; it influences the processing of somatosensory information. The effect of eye closure is not limited to occipital areas, but is also extended to anatomical areas outside the visual cortex (Geller et al. 2014) . We assume that there is a trade-off between the perception without spatial discrimination and the perception when spatial discrimination is required. Frequency discrimination, however, as it was required in the auditory task, is a very basal feature of the auditory system and the processing of tones might already be completed in the primary auditory cortex, regardless of eye closure.
Limitations
There are some limitations to the study, that is, the small number of subjects (21) and the observed eye closure effects were small. Another noticeable limitation is the low goodness of fit for auditory M50 dipoles. Lower goodness of fit results in a less consistent estimation in auditory dipole strengths across subjects. However, the auditory M50 is much smaller in amplitude in comparison to the M100 (Chait et al. 2004 ) and exhibits a smaller signal-to-noise ratio. Furthermore, a 2-dipole reconstruction could be more unstable than the reconstruction of a single current dipole (Supek and Aine 1993) . Therefore, one would expect lower goodness of fit for the auditory M50 than for auditory M100 or somatosensory M50. Note that our fit results for the auditory M50 are in the range as expected for instruments with a similar sensitivity. A comparable range was reported by Edgar et al. (2015) , who used the Elekta Neuromag MEG in the study.
Conclusion
Our results indicate that (1) distinguishing of sensory stimuli leads to a reduction of the corresponding sensory evoked fields, independent from the modality (e.g., somatosensory or auditory) and (2) higher dipole strengths during eyes closed in comparison to eyes open indicate an impairment when discrimination between adjacent fingers is required. We conclude that eye closure is disadvantageous for spatial discrimination and hypothesize that there is a trade-off between near-threshold detection of somatosensory stimuli and somatosensory spatial discrimination, where the former is supported by a simple signal increase (leading to a higher overlap of the centers of RFs) whereas the latter is supported by lateral inhibition (leading to a higher contrast).
